Introduction
Our understanding of sound source localization in anurans is far less comprehensive than it is for humans and other mammals (Middlebrooks and green 1991; Brown and May 2005; Christensen-Dalsgaard 2005) . For most frogs, sound localization forms a key aspect of their sexual behavior (gerhardt and Huber 2002; Wells 2007) , and these acoustically mediated behaviors often take place under adverse listening conditions, such as in the presence of multiple signalers or high levels of background noise (narins and Zelick 1988; narins 1992; Feng and Schul 2007; Bee 2012; Vélez et al. 2014) . Frogs generally lack the external physical structures (e.g., pinnae in mammals; facial ruffs in barn owls) that aid some animals in localizing sound sources. Frogs are also quite small and thus have small interaural distances (e.g., gerhardt and rheinlaender 1980), which limits the use of external binaural cues related to interaural time and level differences (ITDs and IlDs) (gerhardt and Bee 2007) . nevertheless, frogs accurately localize sound sources, and some exceptional species exhibit remarkable localization acuity on par with humans and other animals, such as barn owls and dolphins (Shen et al. 2008) . Previous physiological and behavioral studies demonstrate that internal mechanical coupling of the left and right tympana though the air spaces of the eustachian tubes and mouth cavity allows frogs to exploit cues to source location (Christensen-Dalsgaard 2005 , 2011 , but the capabilities of such 'pressure difference' ears are still poorly understood. There is particularly little information on the innate localization abilities of anurans independent of behavioral strategies, such as body and head scanning movements (rheinlaender and Klump 1988) , that can improve location estimates. Similarly, there has been little experimental attention paid to how localization performance is affected by important challenges that frogs face in nature, such as variation in sound incident angle and the presence of background noise (but see gerhardt and rheinlaender 1980; Ursprung et al. 2009 ).
Most studies of sound localization in vertebrates have employed a closed loop experimental methodology (Brown and May 2005; Christensen-Dalsgaard 2005) . In closed loop trials, the animal is permitted to adjust its head, ear, or body position during or between presentations of a sound stimulus, and thereby refine its estimation of sound source location by sampling several points of the sound field. Closed loop methodologies are a powerful tool, as they allow an animal to behave very much as it would during localization tasks in nature. They are limited, however, in that they cannot measure localization acuity independently of behavioral strategies that refine this acuity. In open loop studies of localization performance, a sound is presented and playback is stopped before the animal is able to resample the sound field and subsequently update its estimate of source location. Any response is, therefore, based upon location estimates derived from a single position of the head, ears, and body. While several previous studies have investigated sound localization performance in anurans using closed loop methods (Feng et al. 1976; rheinlaender et al. 1979; rheinlaender 1980, 1982; Passmore et al. 1984; Jørgensen and gerhardt 1991; Bosch and Márquez 2000; Shen et al. 2008; Ursprung et al. 2009 ), only one has done so using open loop methods (Klump and gerhardt 1989) . That study of localization in the barking treefrog, Hyla gratiosa, tested responses to sounds originating from forward azimuthal angles only. To our knowledge, localization acuity to sounds originating from behind the animal has never been measured in any frog.
In the present study, we address some of the current gaps in knowledge of anuran spatial hearing by investigating the sound localization abilities of Cope's gray treefrog (Hyla chrysoscelis). Females of H. chrysoscelis locate calling males within dense, noisy, mixed-species breeding choruses, and have become a model for the study of acoustically mediated sexual behavior and anuran hearing (gerhardt 2001; Bee 2012; Vélez et al. 2014) . While many treefrogs communicate in complex three-dimensional environments (gerhardt and rheinlaender 1982; Passmore et al. 1984) , females in Minnesota populations of H. chrysoscelis usually assess and localize potential mates on what is essentially an azimuthal plane, as they move across the surface of a pond, approaching males calling from the same pond surface (Caldwell and Bee, pers. obs) . We used both an open loop and a closed loop behavioral experiment (Klump 1995) to ask four major questions about sound source localization by females of this species. First, we used open loop trials to ask whether H. chrysoscelis is capable of azimuthal localization precision surpassing simple lateralization, defined here as the determination of whether a sound originates from the left or right of the body's midline. Many, but not all, frogs approach a sound source with a characteristic 'zig zag' path (Feng et al. 1976; rheinlaender et al. 1979; gerhardt and rheinlaender 1980; Passmore and Telford 1981; Hödl et al. 2004 ; but see Ursprung et al. 2009 ). While jump and body orientation angles relative to the speaker along this path are typically under 30° (Christensen-Dalsgaard 2005) , an ear with much poorer angular acuity, used in combination with lateralization, could nevertheless result in relatively small orientation errors. Second, we asked if H. chrysoscelis is capable of determining whether a sound originates from in front of (rostral to) the interaural axis or from behind (caudal to) the interaural axis in open loop conditions. In anurans, the use of interaural comparisons for sound localization is potentially susceptible to ambiguity between sound incident angles equidistant from the interaural axis (e.g., sounds arriving at 45° versus 135° relative to the animal's snout). This is because, in the absence physical structures shaping the level or spectrum of sounds arriving at each ear, binaural cues will be identical at these angles (Wallach 1939) . Indeed, laser vibrometer studies of the directionality of the frog ear generally show that tympanum responses are approximately symmetrical around the interaural axis (Michelsen et al. 1986; Jørgensen 1991; Jørgensen and gerhardt 1991; Ho and narins 2006) . Our companion study using laser vibrometry confirms that this pattern holds for H. chrysoscelis as well (Caldwell et al. 2014) . These results suggest that frogs may be unable to discriminate between sounds originating from directions in front of or behind the interaural axis without sampling the sound field from more than one position, but this possibility has not been previously tested.
Third, we used open loop trials to examine how localization acuity varies with sound incident angle. In addition to ambiguity between sounds arriving from forward and rearward directions, the precision of azimuthal location estimates may vary on finer spatial scales. ITDs and IIDs become smaller at increasingly acute azimuthal sound incident angles relative to the midline (Christensen-Dalsgaard 2005; Ho and narins 2006), and we might expect this to affect localization acuity. Indeed, in H. gratiosa, orientation errors are larger for sound sources directly in front of the animal than they are for sources offset by 30° or 45° (Klump and gerhardt 1989) . The dependence of localization acuity on sound presentation angle has not been tested in any other frog.
Finally, we used both open loop and closed loop trials to investigate the extent to which localization performance is impaired by background noise. Two previous studies measured a high level of accuracy in closed loop phonotaxis trials conducted in natural (and presumably noisy) settings (gerhardt and rheinlaender 1980; Ursprung et al. 2009 ), but neither study reported the levels or spectral characteristics of the background noise. Yet, it is clear that the presence of ambient background noise can interfere with the ability of frogs to respond appropriately to acoustic signals. Females of H. chrysoscelis, for example, take longer to arrive at a speaker playing male advertisement calls in the presence of chorus noise or noise from abiotic sources Bee and Schwartz 2009) . likewise, the presence of noise, especially at relatively low signal-tonoise ratios (Snrs), can interfere with the ability of frogs to discriminate between sexual signals (Schwartz et al. 2001; Wollerman and Wiley 2002; Bee 2008a, b; Ward et al. 2013a, b) . In each of these cases, it is possible that reduced performance in phonotaxis trials was due, at least in part, to impaired localization acuity in noisy conditions. It is well documented that humans suffer reduced localization acuity at low Snrs (good and gilkey 1996; lorenzi et al. 1999; lingner et al. 2012 ), but it remains unknown whether anurans suffer similar noise-induced reductions in acuity.
Materials and methods

Subjects
The subjects in this study were females of the western mtDnA lineage (Ptacek et al. 1994 ) of Cope's gray treefrog, H. chrysoscelis. During May and June, 2011 and 2012, we collected amplexed pairs from ponds at three sites in eastern Minnesota, USA (Carver Park reserve, Carver County; Crow-Hassan Park reserve, Hennepin County; and lake Maria State Park, Wright County). We placed pairs individually into plastic containers and transported them to our laboratory in St. Paul, Mn. There, each container was partially filled with aged tap water and kept in the dark at ~2 °C until shortly before testing. A minimum of 30 min prior to testing, pairs were placed in a dark incubator at 20 °C. Females were temporarily separated from their mates during each trial. All pairs were returned to their original site of collection the day after testing. Pairs were housed in the laboratory for a maximum of 3 days.
A total of 225 females were collected and tested for this study. Of these, 190 females completed all designated trials successfully; 127 of these females were tested in the open loop experiment and 63 were tested in the closed loop experiment.
Arena and stimuli
The behavioral arena, playback equipment, and all acoustic stimuli were identical for the open and closed loop experiments. Animals were tested in a 2-m diameter circular arena, with a carpeted floor and acoustically transparent, but visually opaque, walls made of black cloth and metal wire. The arena was housed in a custom-built, semi-anechoic sound chamber (Industrial Acoustics Company, Bronx, nY; see Bee and Schwartz 2009 , for a complete description). The inside of the chamber was painted dark gray and lined with sound absorbent panels (IAC Planarchoic™). We maintained temperature inside the chamber at 20 ± 2 °C, which is a typical breeding temperature for H. chrysoscelis. Digital stimulus files (.wav format, 16-bit, 44.1 kHz) were played from Adobe Audition software (v.1.5, Adobe Systems Inc., San Jose, CA) on a desktop PC, through an external sound card (Firewire 410, M-Audio, Irwindale, CA). Analog output from the sound card was amplified by an HTD DMA-1275 amplifier (Home Theater Direct Inc., Plano, TX) and output through speakers in the sound chamber (Mod1, Orb Audio, new York, nY). The sound chamber was dimly illuminated by a red incandescent 40 W light bulb, shaded so that all light was reflected off of the dark gray ceiling. An additional infrared leD light source was mounted to the ceiling above the center of the test arena. All trials were recorded from overhead with an Ir-sensitive video camera (WV-BP334, Panasonic, Syracuse, nJ), and video was digitized in real time using a Picolo PCIe video capture card (euresys, San Jaun Capistrano, CA). The stimulus was a synthetic H. chrysoscelis call generated in MATlAB (7.6.0, MathWorks, natick, MA) . This call had spectral, temporal, and amplitude features approximating the population mean values at our field sites in Minnesota (Ward et al. 2013b) . The call had 32 pulses, and two harmonically related spectral peaks at frequencies (and relative amplitudes) of 1,250 (−6 dB) and 2,500 Hz (0 dB). The call was played from one of four speakers equally spaced, with 90° separation, at floor level outside the wall of the circular test arena. For trials with noise, we generated band-limited white noise (500-4,500 Hz) in Audition and played it from an overhead speaker suspended from the sound chamber ceiling at a height of 1.9 m above the center of the test arena. The bandwidth of noise was chosen to encompass the sound frequencies typically present in mixspecies frog choruses in eastern Minnesota (see Fig. 1e in nityananda and Bee 2011).
noise was equalized to ensure a flat spectrum (±2 dB) before each new frog entered the arena using a Brüel and Kjaer Type 2250 sound level meter (norcross, gA) in conjunction with a Stanford research Systems 785 dynamic signal analyzer (Stanford research Systems, Inc., Sunnyvale, CA) and the parametric equalizer module in Audition. During equalization, the microphone from the sound level meter was placed in the center of the arena, 3 cm off of the ground, pointing in the direction of the speaker 1 m away that would play the calls for the subsequent set of playback trials. The spectrum of the call stimulus was equalized using the same procedure to ensure a 6 dB amplitude difference between the 1,250 and 2,500 Hz peaks. Calibrations of playback levels were made using the sound level meter with its microphone in the same position used for spectrum equalization. Calls were calibrated to either 79 or 85 dB sound pressure level (SPl re 20 μPa, flat rMS, C-weighted) at a distance of 1 m. The 85 dB SPl approximates the lower end of the natural range of SPls measured for H. chrysoscelis calls (gerhardt 1975) . noise from the overhead speaker was calibrated to either 73 or 76 dB SPl (lC eq ) at the position of the sound level meter microphone. These levels were within the range typical of noise levels we and others have recorded in gray treefrog breeding choruses (Caldwell, M. S. and Bee, M. A., unpublished data; Schwartz et al. 2001) . noise SPl varied within ±2 dB across the floor of the test arena.
Open loop experiment
Testing procedure
For open loop trials, females were positioned in the center of the test arena, with their snouts oriented at a predetermined angle on the azimuthal plane away from the call speaker located immediately behind the arena wall, 1 m away. except where specified otherwise, we defined 0° as directly in front of the frog, 90° as directly to the side of the frog, and 180° as directly behind the frog. The side of the frog's body from which calls were played, left or right, was randomized between subjects. After positioning the frog, the experimenter exited the test arena and sat motionless in the corner of the sound chamber. If the frog moved within 10 s of being positioned, or before playback began, the experimenter returned to the arena and repositioned the frog. Playback was controlled by a second experimenter monitoring a video feed of the trial from outside of the chamber. The second experimenter also recorded response latencies for each trial in real time using a stopwatch.
For inclusion in the dataset, each frog had to complete a series of 15 successful trials. These included three closed loop reference trials, nine open loop test trials, and three open loop sham trials. As the first and last trial in the series of 15 trials, we conducted a closed loop reference trial in the absence of noise to confirm that the subject was receptive to playback of calls at the start and end of the trial series. In these closed loop reference trials, subjects were placed with the call speaker at 0° or 180° relative to its snout. The order of 0° and 180° presentation alternated between subjects. Calls were repeated at a rate of one call every 5 s and playback was not stopped until the subject contacted the arena wall within ±7.5° (approximately 10 cm) of the call speaker. The second trial in the series of 15 trials was an additional closed loop reference trial conducted in the presence of the broadband noise broadcast from the overhead speaker. This additional reference trial was used to ensure that all frogs, including those that would not be tested in noise, were similarly motivated to localize a call in noise. In this trial, the subjects were always positioned with their snouts 180° relative to the speaker (the most challenging angle; see below), and were given 2 min to make an initial movement and 5 min to reach the speaker. Subjects that did not reach the speaker within 5 min during any reference trial were put in the incubator for 10 min before being re-tested in the same reference trial on a second, and final, attempt. If the subject responded during the second attempt at the reference trial, testing with that subject continued; otherwise, further testing with that subject was halted. In total, 27 frogs were excluded from further testing because we could not elicit a response during two attempts at a reference trial. The primary data of interest were collected in the nine open loop test trials using a factorial experimental design. Across these nine trials, we tested each subject once at each of nine different angles (i.e., angle was a withinsubjects factor in our design). Different groups of subjects were tested at the two different signals levels (79 or 85 dB) and in two different noise conditions (present or absent). In the noise present condition, different groups of subjects were tested with noise broadcast at either 73 or 76 dB. Females were randomly assigned to the six combinations of signal level and noise condition/level to provide approximately equal sample sizes for each combination (N = 20-22 females per group). During each of the nine open loop test trials, the subject was positioned in the arena such that the designated call speaker was at one of nine different angles relative to its snout (0°, 15°, 30°, 45°, 90°, 135°, 150°, 165°, or 180°), with order randomized for each subject. After call playback began, calls were repeated at a rate of one call every 8 s until the frog made any orientation movement. As soon as the frog moved, playback was stopped. We considered any perceptible rotational movement of the frog's body or head (movements >~1° were visible in recordings) or any translational movement due to walking or hopping as orientation movements. rotational movements without translational movements were common (36 % of trials), whereas translational movements without some measurable rotational movement were extremely rare. Hence, 64 % of test trials involved rotational movement in conjunction with translational movements. During these trials, females generally exhibited translational movement in the same direction to which their rotational movement was directed. limb movements from a fixed body position that did not result in head or body rotation or translation were not considered orientation movements. The majority of orientation movements scored in test trials were made after the first, second, or third call was broadcast (i.e., within the first 24 s of the trial).
We conducted sham trials to distinguish between genuine responses to call playback and the possibility that the orientations we scored in test trials were simply random movements. each subject was tested in three sham trials in which it was positioned in the center of the arena as usual (with its snout at 0°, 90°, and 180° relative to the speaker, tested in random order), but was not presented with call playback. For each subject, sham trials were conducted using the same combination of noise condition (present or absent) and noise level (73 or 76 dB, if noise present) in which it was tested in the open loop test trials. We monitored subject behavior for up to 120 s during a sham trial. If the frog did not move during this time, its response latency was scored as 120 s.
To control for the possibility of directional biases in the test arena, the position of the call speaker (one of four locations) was randomly selected for each subject. The side of the test subject from which stimuli were presented (left or right) was also randomly selected for each individual. To allow test subjects to acclimate to the noise stimuli, overhead noise began at least 1 min prior to the start of all trials with noise. likewise, subjects were given at least 1 min to acclimate to the quiet conditions when a noise-free trial followed a trial with noise.
An additional note about our signal and noise levels is necessary. Across the four factorial combinations of signal level and noise level tested in this study, the nominal Snrs were +3 and +6 dB (for the 79-dB signal in 76-dB noise and 73-dB noise, respectively) or +9 and +12 dB (for the 85-dB signal in 76-dB noise and 73-dB noise, respectively. In earlier studies of H. chrysoscelis, we have reported behavioral response thresholds in noise on the order of −3 to +3 dB Snr, depending on the spectrotemporal characteristics of the noise (e.g., Bee 2007b; Bee and Swanson 2007; Bee and Schwartz 2009; Vélez and Bee 2013) . Therefore, our general expectation was that any effects of noise, if present, would be most pronounced at the lowest Snr of +3 dB (79-dB signal in 76-dB noise).
Analysis
We exported still frames, captured immediately after the first movement, from videos of each test and sham trial. From these images we measured the subject's angular orientation relative to its initial orientation and the position of the call speaker using ImageJ software (US national Institutes of Health, Bethesda, MD). We also measured the distance moved away from the starting location at the center of the arena, if any, and the direction of this movement. All measurements were made blind to experimental treatment. In approximately 37 % of open loop test trials, frogs made a second, additional movement within 10 s of their first movement and cessation of the stimulus. We explored whether the frog's position after this second movement might be a better indicator of sound source localization acuity by exporting and scoring still frames of the video taken 10 s after the frog's initial movement. Subsequent comparisons of data taken from images of initial movements and of the frog 10 s post-movement revealed that the two measures produced quantitatively and qualitatively similar results. We, therefore, focus the analyses presented here on initial movements.
For each open loop test and sham trial, we scored three response variables: turn angle, orientation error, and latency to first movement. We defined turn angle as the angle that a subject turned relative to its orientation at the start of each trial (Fig. 1) . Hence, turn angles reflect only rotational movement. no turn angles approached a full 360° rotation, and the vast majority was below 90° in magnitude. We defined orientation error as the absolute value of a subject's angle away from pointing directly at the speaker following its first orientation movement. Orientation error was our primary measure of open loop localization acuity. We calculated orientation error in two ways (Fig. 1b, c) . The first assumed that a frog's estimate of sound source location was based solely on speaker position relative to the frog's snout during playback, and did not account for any translational movement of the frog away from its initial location during its first movement (Fig. 1b, c) . The second method of determining orientation error assumed that females used the direction and distance they traveled as a result of any translational movement during their response to calculate an adjusted angle to the call speaker (Fig. 1b, c) . Hence, this second measure of orientation error accounts for both rotational and translational movements. Orientation errors calculated without regard for translational movement were consistently lower than orientation errors that took translational movements into account. Moreover, results from preliminary statistical analyses produced similar output for both measures. Therefore, measurements of orientation error for all further analyses were made using our first method ( Fig. 1 ). This decision also allowed us to make direct comparisons to data on barking treefrogs reported by Klump and gerhardt (1989) . We defined latency to first movement as the time from the start of call playback until the frog made its first movement.
We analyzed our response variables (turn angle, ln-transformed orientation error, and ln-transformed latency) using a combination of factorial multivariate and univariate analysis of variance (MAnOVA and AnOVA, respectively). In preliminary analyses, we also included mean-centered body size (snout-to-vent length in mm) as a covariate, but it was not significant and inclusion of this covariate did not influence the significance or effect sizes of other variables of interest in the model. Hence, body size was not included in the models reported here. We compared all three response variables simultaneously in a 9 sound presentation angle (0°, 15°, 30°, 45°, 90°, 135°, 150°, 165°, and 180°; within subjects) × 2 signal level (79 versus 85 dB; between subjects) × 2 noise condition (present versus absent; between subjects) × 2 noise level (76 versus 73 dB, nested within the noise present treatment; between subjects) MAnOVA. This analysis revealed several significant effects; therefore, we analyzed response variables separately in subsequent univariate AnOVAs designed to address specific questions of interest.
To test whether H. chrysoscelis uses a simple strategy of lateralization during phonotaxis, or it more accurately localizes sound sources, we compared the response variable turn angle in a 9 sound presentation angle × 2 signal level × 2 playback side (left versus right side of the animal; between subjects) AnOVA. For this analysis only, turns to the left were scored as negative turn angles, and turns to the right were scored as positive turn angles. (For all other analyses turns towards the speaker were scored as positive turn angles, and turns away from the speaker were scored as negative turn angles.) We limited this analysis to the noise absent condition to examine the animals' capabilities in optimal listening conditions unconstrained by background noise. If H. chrysoscelis only lateralizes sound sources, we expected turn angle to be independent of sound presentation angle (Klump and gerhardt 1989) . We, therefore, predicted a significant main effect of playback side (left versus right), but no significant main effect of sound presentation angle and no interaction between playback side and sound presentation angle. In contrast, if frogs more accurately localize sound sources beyond left/right judgments, we predicted a significant main effect of playback side and a significant interaction between sound presentation angle and playback side, but no significant main effect of sound presentation angle. This result would be expected if the magnitudes of turn angles varied with the magnitudes of sound presentation angles on opposite sides of the frog, and if the pattern of this variation was identical but of opposite sign for sounds presented on the two sides of the animal. In this scenario, the main effect of sound presentation angle would still not be significant. This follows because the opposite signs of turn angles directed to the left (negative) and right (positive) would result in an expected mean turn angle of 0° for pairs of sound presentation angles of identical magnitude but on opposite sides of the animal (e.g., −30° and 30°). We had no specific prediction related to the factor of signal level.
To determine if H. chrysoscelis is able to identify whether a sound source is located in front of or behind the animal, we compared the response variable turn angle using a 4 sound presentation angle (0°, 15°, 30°, and 45°; within subjects) × 2 signal level × 2 playback direction (forward versus rearward; within subjects) AnOVA. The two playback directions corresponded to forward (0°-45°) and rearward (135°-180°) angles relative to the interaural axis. For this analysis, rearward angles were re-coded to indicate angular distance from the midline relative to the cloaca of the animal, such that angles of 180°, 165°, 150°, and 135° became 0°, 15°, 30°, and 45°, respectively. Forward angles already indicated their distance from midline relative to the snout of the animal, and were not re-coded. As in the previous analysis, this analysis was restricted to the quiet noise condition to observe behavior under optimal listening conditions. If H. chrysoscelis is able to distinguish between sound sources located in front of (rostral to) the interaural axis versus those located behind (caudal to) the interaural axis, we predicted a significant main effect of playback direction (forward versus rearward), with frogs making greater turns to rearward speaker angles. We also predicted a significant interaction between playback direction and sound presentation angle, because turn angles would have decreased as the call speaker angle approached the front of the frog, but would have increased as speaker angle approached the rear of the frog. By contrast, if frogs are unable to discriminate between sounds originating from the front, and those originating from the back, we expected subjects to behave similarly in response to forward and rearward playback directions. Under this scenario, we predicted a significant main effect of sound presentation angle, but no significant effect of playback direction and no interaction between playback direction and sound presentation angle. We again had no specific prediction related to the factor of signal level.
To assess how sound presentation angle and noise might impact localization acuity and behavior, we compared the response variables orientation error and latency in separate 4 sound presentation angle (0°, 15°, 30°, and 45°; within subjects) × 2 signal level × 2 noise condition × 2 noise level (nested within noise present) AnOVAs. We focused this analysis on the forward angles relative to the interaural axis based on the outcome of the previous analysis (see "results"). If localization acuity or behavior varied with sound presentation angle, we predicted a significant main effect of sound presentation angle in the models for orientation error and latency, respectively. If the presence of noise impaired localization, we expected the main effect of noise condition (i.e., present versus absent) would be significant in models for both response variables, as would the effect of noise level (i.e., 73 versus 76 dB). If localization ability were most impaired at the lowest Snr, as expected, then we also predicted significant interactions between signal level and noise level in models for orientation error and latency that would directly reflect an effect of the nominal Snr. Such an interaction would be expected if orientation errors and latencies were inflated at the lowest Snr compared to similar values across all other Snrs. As an alternative and direct test of the effects of Snr, we conducted additional 4 sound presentation angle (0°, 15°, 30°, and 45°; within subjects) × 4 Snr (+3, +6, +9, or +12 dB; between subjects) AnOVAs for orientation errors and latencies.
For this experiment, and the closed loop experiment described below, all statistical analyses were conducted using Statistica (v. 10, StatSoft Inc, Tulsa, OK) . For each univariate model we report greenhouse and geisser (1959) corrected P values for within-subjects effects with more than a single numerator degree of freedom. We also report partial η 2 , which ranges in value from 0 to 1, as a measure of effect size for all main effects and interactions. Some response variables were non-normally distributed. Transformations were used, as indicated in the description of our MAnOVA and AnOVA models, to meet the assumptions of parametric analyses. We used a significance criterion of α = 0.05.
Closed loop experiment
Testing procedure
Methods for the closed loop experiment closely followed those for the open loop experiment, with the following important exceptions. In closed loop trials, calls repeated every 8 s for all stimuli, and playback did not stop until the female had contacted the arena wall within ±7.5° of the speaker. each subject underwent four closed loop trials, varying in signal level and the presence of overhead noise (79 dB signal without noise, 85 dB signal without noise, 79 dB signal with noise, and 85 dB signal with noise). Treatment order was randomized for each subject. For all trials, subjects were placed with their snouts directed 90° from the speaker broadcasting calls. The speaker was on the right side for a randomly selected two trials, and on the left side for the other two trials. For approximately half of subjects, the overhead noise was played at a level of 73 dB (N = 32), and for the other half it was played at 76 dB (N = 31), yielding the same four nominal Snrs as in the open loop experiment. There were no reference or sham trials for the closed loop experiment. If a subject failed to reach the playback speaker for any trial, it was given a 2-min timeout, after which it was re-tested with the same stimulus a second and final time. If the subject failed its second attempt, it was excluded from the dataset (N = 8).
Analysis
We used automated behavior tracking software (ethovison XT8, noldus, leesburg, VA, USA) to analyze the phonotactic approach path of subjects from the videos of each trial. Occasionally, the software was unable to detect the frog for a portion of its path. In these instances, we corrected tracking errors by hand. There was often a marked change in behavior once frogs arrived within the immediate vicinity of the playback speaker (e.g., they stopped moving and pointed away from the speaker, or made repeated approaches to and contacts with the arena wall). Path measurements taken from within 20 cm of the speaker ("speaker zone") were, therefore, not included in our statistical analyses.
We focused on four measures of localization performance. We defined error angle at wall as the angular distance away from the approximate center of the speaker broadcasting calls at which subjects first contacted the arena wall. We defined path turn angle as the mean absolute value of the change in a subject's movement angle between two successive movements across the arena floor. We restricted estimates of path turn angle to movements >1.5 cm to eliminate error due to jitter in the automated tracking software's successive estimates of a stationary subject's exact position between consecutive samples (8 Hz sampling rate). We defined path length as the total length of the frog's phonotactic path between the starting point at the center of the arena and the 20 cm zone surrounding the speaker. The shortest possible path length was 80 cm. Finally, travel time was defined as the latency from the frog's initial movement until reaching the speaker zone. We examined travel time, instead of total latency from the start of playback until arrival at the speaker zone, to determine whether variation in arrival time to the playback speaker under certain signal and noise conditions was due solely to increased initial response latencies (determined in our open loop experiment), or whether changes in frog behavior as it moved across the arena floor contributed to this variation.
We analyzed measures of localization performance (lntransformed error angle at wall, ln-transformed path turn angle, reciprocal-transformed path length, and ln-transformed travel time) using MAnOVA and AnOVA. Again, initial analyses included body size as a covariate, but the covariate itself was not significant and removing it from the models did not appreciably change the results, so it was not included in our final analyses, which included two different model constructions. In the first model, we compared the four response variables simultaneously in a 2 signal level (79 versus 85 dB; within subjects) × 2 noise condition (present versus absent; within subjects) MAnOVA. This analysis revealed several significant effects related to signal level and noise condition; therefore, we analyzed each response variable separately in a comparable univariate AnOVA. In the second model construction, we excluded tests conducted in the absence of noise and compared our four response variables in a 2 signal level (79 versus 85 dB; within subjects) × 2 noise level (73 versus 76 dB; between subjects) MAnOVA. There were significant effects related to both of these factors, so we subsequently conducted comparable univariate AnOVAs on each response variable separately. We chose this approach of two different model constructions because our design precluded nesting noise level (a between-subjects factor) within one level of the within-subjects factor of noise condition (i.e., noise present).
Univariate analyses of closed loop trials were used to assess the extent to which the presence of overhead noise and the Snr affected localization performance. If the noise impaired localization abilities during phonotaxis, we predicted larger error angles at wall, larger path turn angles, longer path lengths, and longer latencies. To the extent that the different Snrs we tested had differential influences on localization during phonotaxis, we also expected to find significant effects of noise level, as well as possible interactions between noise level and signal level for each of our four response variables. We generally expected these interactions to reflect the influence of different nominal Snrs, with higher values for each variable occurring at the lowest Snr of +3 dB. Unfortunately, we were unable to compare the effect of Snr directly using AnOVA (as in our open loop analyses) due to the particular mix of within-subject and between-subject effects in our factorial experimental design. Therefore, we used t tests to compare responses at each Snr to responses at the next highest and lowest Snr. For these analyses, we reduced α by a factor of three to account for multiple comparisons.
Results
Open loop experiment
In approximately 96 % of test trials, subjects made rotational or translational movements within 120 s. In contrast, this was true for only 67 % of sham trials. That a high proportion of frogs would exhibit movement in sham trials is not surprising given previous findings showing that female gray treefrogs tend to wander around the test arena in the absence of a stimulus call (Vélez and Bee 2013) . Importantly, across all trials in which movements were scored, mean (±SeM here and elsewhere) latencies to movement were significantly shorter during call playback than during sham trials (14.8 ± 1.2 vs. 50.7 ± 2.1 s), even in the lowest Snr condition (+3 dB; 79-dB signal in 76-dB noise; Wilcoxon signed-rank test: Z = −3.48, P = 0.001, N = 16 with complete sham data for this Snr). These results indicate that subjects detected and were attracted to calls at all Snrs. Moreover, across signal and noise conditions, orientation responses were much more accurate during call playback than during sham trials. For example, mean orientation error was significantly (Z = −7.18, P < 0.001, N = 113) lower in response to the 90° sound presentation angle in test trials (51.7 ± 2.1°) compared with the equivalent angle in sham trials (88.8 ± 2.3°). These results demonstrate that orientation responses were directed towards the call speaker, and did not result from some inherent tendency of the frogs to turn in a particular direction in the absence of a stimulus.
A MAnOVA of responses in test trials that included turn angle, orientation error, and latency as response variables identified significant effects of sound presentation angle, noise condition, and noise level and a significant signal level × noise condition interaction (Table eSM1 ). The main effect of signal level did not significantly influence responses.
Lateralization versus more accurate localization
In Fig. 2a , we summarize turn angles in open loop test trials conducted in quiet as a function of sound presentation angle. Positive values along the abscissa and ordinate correspond, respectively, to sound presentation angles to the right of the animal's midline and turn angles toward the right. As illustrated here, frogs generally turned to the right when the speaker was on the right and to the left when the speaker was on the left. Moreover, as illustrated in Fig. 3a , the accuracy of the subjects' source location estimates in quiet was quite high between −45° (left) and +45° (right) in the forward direction. Beyond this range, and especially beyond ±90°, turn angles did not continue to increase in absolute magnitude, but instead became smaller with further increases in sound presentation angle. These general patterns were broadly consistent across both signal levels (Fig. 2b) and across noise conditions and noise levels (Fig. 2c) .
In our analyses of turn angles in quiet conditions (Fig. 2a) , there was a significant main effect of playback side (left or right relative to the frog) and a significant interaction between sound presentation angle and playback side ( Table 1 ). The main effects of sound presentation angle, signal level, and all other interactions in the model, were not significant (Table 1 ). This general pattern of results, and in particular, the direct relationship observed between turn angles and sound presentation angles between −45° and +45° (Fig. 3a) , is consistent with the hypothesis that subjects were able to do more than simply lateralize the sound as coming from the left or the right side, but instead were able to localize the sound to specific angles of presentation from the left and right sides.
Discrimination between forward and rearward sound source directions
In an AnOVA that compared turn angle as a function of sound presentation angle, ranging from 0° to 45° from the midline relative to either the snout (forward) or the cloaca (rearward), the main effect of sound presentation angle was significant (F (3,123) = 35.2, P < 0.001, partial η 2 = 0.462), but the effect of playback direction (F (1,41) = 0.0, P = 0.997, partial η 2 < 0.001) and the interaction between sound presentation angle and playback direction (F (3,123) = 0.8, P = 0.502, partial η 2 < 0.019) were not significant. In fact, playback direction was associated with one of the smallest effect sizes observed in this study. This pattern of statistical results can be explained as follows (see Fig. 4 ). As sound presentation angle increased from 0° to 45° from the midline relative to either the snout or the cloaca of the frogs, so did the angle to which the frogs turned. However, the distances they turned in response to sounds originating from forward and rearward angles were statistically indistinguishable. Together with a Turn angles in quiet conditions, averaged over both signal levels (79 and 85 dB). b Turn angles shown separately for each signal level, averaged over all noise conditions (quiet, noise present, noise absent) and both noise levels (73 and 76 dB). c Turn angles shown separately for each noise condition and level, averaged over both signal levels. note that results depicted in a and the "no-noise" line from c are the same data data from Fig. 3a , the results shown in Fig. 4 indicate that while female gray treefrogs possess a high degree of angular acuity in the frontal direction, they do not discriminate behaviorally between sounds coming from forward versus rearward directions under open loop test conditions.
Effects of sound presentation angle and noise on open loop localization
For forward angles (0°-45°), mean turn angle varied in near direct proportion with sound presentation angle (Figs. 2,  3 ). For more rearward sound presentation angles, orientation errors appeared to be driven by the effects of confusion over playback direction (forward versus rearward), rather than by localization acuity (Fig. 4) . Our analyses of the effects of sound presentation angle and noise on localization acuity, therefore, focused on angles at which females were able to localize the sound sources effectively in quiet conditions, namely between 0° and 45° in the forward direction.
An AnOVA model including sound presentation angle, signal level, noise condition (present versus absent), and noise level did not identify any factors that strongly affected orientation errors (Table 2 ; Fig. 5a ). While there was a significant effect of sound presentation angle, and a significant interaction between this factor and noise condition, all of the main effects and interactions in this model were associated with uniformly small effect sizes (0.001 ≤ partial η 2 ≤ 0.044; Table 2 ). Orientation error varied with sound presentation angle, such that frogs were slightly less accurate when orienting toward stimuli presented from angles approaching 0° (Fig. 5a ), but again, the size of this effect was quite small (partial η 2 = 0.044). Most notably, while orientation error was slightly lower in the presence of noise (Fig. 5a ), the effect of noise condition (present versus absent) was also quite small (partial η 2 = 0.028; Table 2 ). In contrast to the broader pattern, at some signal and noise level combinations orientation errors were larger in the presence of noise. Averaged across sound presentation angles between 0° and 45°, the mean orientation error to advertisement calls broadcast at 85 dB in the absence of noise was 23.5 ± 2.2°. Performance was slightly worse (25.6 ± 3.2°) in response to the 79-dB signal in 76-dB noise, the lowest Snr tested. However, the interaction between signal level and noise level was nonsignificant and was associated with a small effect size (partial η 2 = 0.026; Table 2 ), suggesting differences in Snr had small effects on orientation error. This result was confirmed in a separate AnOVA comparing the four Snrs directly, in which there was a significant effect of sound presentation angle on orientation error (F (3,243) = 4.1, P = 0.009, partial η 2 = 0.048), but no effect of Snr (F (3,81) = 1.4, P = 0.241, partial η 2 = 0.050) and no interaction between these two independent variables (F (9,243) = 1.5, P = 0.167, partial η 2 = 0.051). We also examined the effects of sound presentation angle, signal level, noise condition, and noise level, on latency to first orientation response using AnOVA (Table 2 ; Fig. 5c ). By far the most important influence on latency to respond was the presence or absence of noise, as indicated by the significant effect of noise condition (Table 2 ). For example, in the absence of noise, mean latencies were on the order of 5-10 s for forward angles, corresponding to responses to the first or second presented stimulus (call period = 8 s). latencies were typically 15-25 s, corresponding to the second or third stimulus, across these same forward angles in the presence of noise (Fig. 5c ) We also found a weaker but significant main effect of noise level on latency. On average, females took slightly longer to respond to playback in the presence of noise at the higher noise level (Fig. 5c) . There was also a weak but significant interaction between noise level and signal level, suggesting differences in nominal Snrs had some, albeit small, effect on latency. neither the main effect of sound presentation angle nor any interaction that included this factor was significant (Table 2) . In a separate analysis, AnOVA revealed a significant effect of Snr (F (3,81) = 4.7, P = 0.005, partial η 2 = 0.148), but no effect of sound presentation angle (F (3,243) = 1.1, P = 0.348, partial η 2 = 0.013) or interaction between Snr and sound presentation angle (F (9,243) = 0.5, P = 0.902, partial η 2 = 0.017). Mean latencies for forward angles (0°-45°) ranged between 20.4 ± 2.0 and 22.6 ± 2.3 s across Snrs of +3 to +9 dB, with that at the highest Snr of +12 dB being significantly lower (12.8 ± 2.0 s) in post hoc comparisons (Tukey's HSD: all P < 0.023).
Closed loop experiment
During closed loop trials conducted in the absence of noise, the phonotaxis paths taken by some female gray treefrogs closely resembled the zig-zag paths reported previously in studies of this (e.g., Bee and riemersma 2008) and other (e.g., Feng et al. 1976; rheinlaender et al. 1979; gerhardt and rheinlaender 1980) anuran species (Fig. 6a) . Other females moved directly towards the speaker (Fig. 6b) , or approached the speaker with long, arcing paths (Fig. 6c) . Occasionally, females actively responded to playback, but took indirect, looping paths to the speaker (Fig. 6d) , giving showing an example of a a zig-zag approach path toward the speaker, b a direct path toward the speaker, with no significant turns after an initial rotational movement, c a less directed path in which the frog took a longer, arcing approach toward the speaker, and d a convoluted, looping path to the speaker. Paths like the one depicted in panel d were typically associated with the highest error angles at wall, longest path lengths, and longest travel times the impression that they were having difficulty localizing the sound. In noise-free trials, females arrived at the arena wall, on average, 6.9° ± 0.8° away from the speaker (N = 62 females). They turned an average of 13.0 ± 1.5° between walks and hops, had a mean phonotactic path length of 120.4 ± 6.6 cm, and took an average of 69.9 ± 3.3 s to reach the speaker zone after their initial orientation movement.
Effects of noise on closed loop localization performance
In a MAnOVA for all closed loop trials, which included error angle at wall, path turn angle, path length, and travel time as the response variables (Table eSM2) , there were significant main effects of signal level and noise condition (i.e., present versus absent, collapsed over both noise levels), as well as a significant interaction between these two variables. In subsequent univariate AnOVAs, the main effect of signal level was significant in analyses of error angle at wall and path length, and approached significance (P = 0.053) in the analysis of travel time (Table 3) . The main effect of noise condition was not significant for any response variable, though it approached statistical significance for path turn angle (P = 0.074) and travel time (P = 0.079). The signal level × noise condition interaction was significant in the analysis of path length only (Table 3) . In a separate MAnOVA that excluded trials conducted in quiet and assessed the effects of signal level and noise level, only the main effect of signal level was significant (Table eSM3 ). The signal level × noise level interaction approached significance (P = 0.066, Table eSM3 ). In subsequent univariate AnOVAs, there were significant effects of signal level and the signal level × noise level interaction on the response variables of error angle at wall and path length (Table 4) . Path turn angle and travel time were not significantly affected by any factors in the model. In subsequent t tests comparing each variable across adjacent Snrs (Table 5) , we found a significant difference between path lengths at +3 and +6 dB. After correcting for multiple comparisons, there were no other significant effects of Snr, but there were trends towards larger error angles at the wall (P = 0.048) and longer travel times (P = 0.065) between these same two Snr conditions.
We interpret the gross patterns of statistical significance in the main effects and interactions reported here and the data illustrated in Fig. 7 as evidence that sound localization performance deteriorated in the most challenging nominal Snr condition tested (+3 dB; i.e., 79-dB signal in 76-dB noise) compared with other conditions. evidence of this deterioration was most pronounced in analyses of error angle at wall, path length, and, to a lesser extent, also travel time (Tables 3, 4, 5; Fig. 7) . Compared with quiet conditions, subjects were less accurate in their approach to the speaker in the presence of noise, as measured by larger error angles at the wall (Fig. 7a) , but only when the signal level was 79 dB, and this difference was most pronounced at the higher noise level of 76 dB (Fig. 7a) . Path lengths showed a somewhat similar trend in that they were longest when subjects responded to the 79-dB signal in 76-dB noise (cf. Fig. 7a, c) . This influence of signal and noise levels on path length was considerable, with paths 62 % longer in the lowest Snr (79-dB signal, 76-dB noise) compared with those in response to the 85-dB signal in the absence of noise. As illustrated in Fig. 7b , the various signal and noise conditions tested in this study had little overall discernible effect on path turn angle, which varied between about 10° and 14°, on average, across test conditions. The effects of noise condition (Table 3 ) and noise level (Table 4) on travel time approached statistical significance, and this trend was largely driven by longer travel times in the presence of 76-dB noise (Fig. 7d) .
Discussion
The combination of open and closed loop perspectives proved to be a powerful tool for investigating sound localization behavior H chrysoscelis. Open loop playback allowed us to focus on fine scale orientation responses based on the frog's localization estimates while static in the sound field, and closed loop playbacks allowed us to view these static estimates of sound source location in situ as elements of a female's phonotactic approach to a calling male. We discuss our results with respect to the four major questions guiding this study of factors affecting azimuthal sound localization acuity in H. chrysoscelis.
lateralization versus localization acuity
Our results strongly support the hypothesis that females of H. chrysoscelis do not simply lateralize sounds prior to their first orientation movements. If females were lateralizing sound source location, then turn angle in open loop trials should have been independent of sound presentation angle. This was not the case, as documented by the interaction between sound presentation angle and playback side in our analysis of factors affecting turn angle (Table 1; Figs. 2, 3a) . In open loop trials, in response to calls presented from forward angles, turn angle was almost directly proportional to sound presentation angle (Fig. 3a) . This result is strikingly consistent with that reported by Klump and gerhardt (1989) in their investigation of localization acuity and lateralization in females of the barking treefrog, H. gratiosa (cf. Fig. 3a, b) . However, this earlier study did not examine sound incident angles >45°. Our results show that turn angle continues to vary with sound presentation angle for sounds presented across all azimuthal angles (Fig. 2) . even for rearward angles, where there appears to be considerable ambiguity about sound source location, H. chrysoscelis did not exhibit simple lateralization behavior (Fig. 4) . This result is consistent with the idea that, despite their small head size, which likely precludes the use of ITDs and IIDs at the external surfaces of the tympana for accurate localization (Feng and Capranica 1978; rheinlaender et al. 1979) , frogs can apply fine scale location information extracted from variation in the amplitude or phase (or both) of tympanum vibrations due to mechanical coupling of the two ears (Christensen-Dalsgaard 2005) . In a companion study, we use laser Doppler vibrometry to demonstrate how the pressure-difference ear of H. chrysoscelis converts small IlDs (e.g., 1 dB for calls) into larger (e.g., 3.5 dB for calls) interaural differences in the vibration amplitude of the two tympana (Caldwell et al. 2014 ). In the same study, however, we did not find that the pressure-difference system produced similar increases in interaural phase differences (Caldwell et al. 2014) .
Discrimination between forward and rearward sound source directions
In open loop trials, females of H. chrysoscelis appeared unable to discern whether sounds originated from in front of or from behind their interaural axes. While we would expect an animal correctly localizing sound sources to turn at ever increasing angles as the sound incident angle increased, during open loop trials, subjects started turning at smaller and smaller angles as the sound presentation angle increased beyond 90° and approached 180° relative to their snouts (Fig. 2) . This behavior is not simply indicative of poorer localization acuity at rearward angles, but suggests that females are responding to rearward sound sources as if they were in front of the interaural axis. In fact, responses to sounds sources at angles from 135° to 180° were statistically indistinguishable from those to corresponding angles (relative to the midline) ranging from 0° to 45° (Fig. 4) . As demonstrated in our companion study, information that could resolve ambiguity between forward and rearward sound sources is apparently not encoded by the inherent directionality of the amplitude or phase responses of the tympana (Caldwell et al. 2014) . Some frogs exhibit head scanning movements when listening to acoustic stimuli (rheinlaender et al. 1979; gerhardt and rheinlaender 1982) . Such movements could help to overcome this front versus back confusion (Wallach 1939) . Indeed head movements largely resolve front versus back sound source ambiguities for human listeners (Wightman and Kistler 1999). We did not observe any head scanning movements during our study. Similarly, head scanning has not been observed in the closely related eastern gray treefrog, H. versicolor, which is the sister species to H. chrysoscelis (Jørgensen and gerhardt 1991) , or in some other frogs (Klump and gerhardt 1989; Ursprung et al. 2009 ). nonetheless, females in our study were able to overcome forward versus rearward ambiguity during closed loop reference trials in which the speaker was initially positioned directly behind the frog (180°). It seems likely that the frogs accomplished this by integrating location information across several successive head or body positions during closed loop trials. In open loop trials, we measured orientation errors of ~21° in the absence of noise for sounds originating from between 0° and 45° relative to the frog's snout. This is on par with the orientation errors observed in the only other open loop study of localization acuity in frogs (Klump and gerhardt 1989) , as well as those reported during closed loop phonotaxis in other species (Christensen-Dalsgaard 2005; Ursprung et al. 2009 ). While sound presentation angle significantly affected localization acuity in H. chrysoscelis, the effect appeared to be relatively minor (Table 2) . localization errors were slightly larger for forward sound presentation angles closer to 0° (Fig. 5a ). As illustrated in Fig. 5b , similar results were reported previously for H. gratiosa by Klump and gerhardt (1989) . In that study, however, improvement in orientation (i.e., a decrease in error) with movement of the sound away from the midline (i.e., from 0° to 45°) was perhaps more pronounced compared with H. chrysoscelis (cf. Fig. 5a, b) . This difference might be related to species differences in body size, as barking treefrogs are one of the largest indigenous treefrogs in north America (50-70 mm snout-vent length; Conant and Collins 1998) and are larger than the Cope's gray treefrogs tested in the present study (34-45 mm snout-vent length).
Orientation by H. chrysoscelis in response to sounds presented from >45° from the midline was distinct from that to sound presented within ±45°. In response to calls broadcast from ±90°, for example, average turn angles were far smaller than the 90° expected (Fig. 2a) . This is an interesting finding considering that biomechanical measures of tympanum vibrations indicate that ear directionality is maximal at 90° in this species (Caldwell et al. 2014) . Subjects occasionally turned at angles >90° during open loop trials, and so are capable of such turns. It is possible, however, that as a general pattern, individuals do not turn more than 45° based on a single estimate of sound source location, regardless of whether they have accurately assessed the position of a sound source 90° from their snout. At sound source angles to the rear of the interaural axis, orientation errors were extremely large, but this trend was entirely driven by the ambiguity between forward and rearward sound source directions, rather than a loss of localization precision per se (Fig. 2) . In fact, turns in response to sounds at rearward angles were comparably precise but consistently inaccurate (Fig. 4) .
It is important to note that orientation errors scored from either closed loop or open loop responses to sound playback may be a product of other factors in addition to the localization acuity of the subject. For instance, animals may intentionally orient their ears at an optimum angle relative to the sound source for assessing source location (gerhardt and Bee 2007) . For H. chrysoscelis (Caldwell et al. 2014) , and other frogs too (Christensen-Dalsgaard 2005; Ho and narins 2006) , the angle of optimum directionality of the auditory system does not fall at 0°. Such "off-axis" listening presumably provides the frog with more useful information for sound localization.
effects of noise
Open loop experiment
Our open loop results provide limited support for the hypothesis that ambient (overhead) noise impairs localization acuity, at least under the conditions tested in this study (Fig. 2c) . In open loop trials, for example, we saw no significant effects of noise condition (present versus absent) or noise level (73 versus 76 dB) on orientation errors, nor was there any indication that signal level and noise level together (i.e., Snr) impacted localization acuity (see Table 2 ; Fig. 5a ). In contrast, there was a moderately sized significant effect of noise condition on response latency, which was longer in the presence of noise. There were also much smaller, though still significant, effects of noise level and a signal level × noise level interaction (Table 2 ; Fig. 5c ). latencies were longer at Snrs of +3, +6, and +9 dB compared with +12 dB. To summarize these findings, females required more time (i.e., more call presentations) to respond in the presence of noise, but when they did respond, they did so with nearly the same localization acuity exhibited in the absence of noise.
At least three different hypotheses could explain these results for orientation errors and latency in open loop trials. First, females might simply have been less motivated to respond in the presence of high noise levels. While we cannot rule out this explanation, it seems unlikely to us considering that female frogs have evolved to respond to male advertisement calls in noisy social environments, and the spectrum of our artificial noise encompassed frequencies present in the natural, mixed-species choruses in which reproduction by H. chrysoscelis naturally occurs. Second, it is possible that calls were presented near some animals' signal detection or recognition thresholds at some combinations of signal and noise levels. For these animals, stochastic effects might have resulted in detection or recognition first occurring in response to stimulus presentations subsequent to the first, resulting in longer response latencies in trials with noise. If this explanation were correct, we might have expected latencies at the lowest Snr (+3 dB) to be longer than those at higher Snrs. However, the data are only partially consistent with this expectation, as mean latencies for forward angles ranged between about 20 and 23 s across Snrs of +3 to +9 dB, with a mean of about 13 s at the highest Snr of +12 dB. given the 8 s period of the repeating stimulus in open loop trials, these latencies are equivalent to 1.5-2.8 call periods, which corresponds to two to three presentations of the stimulus call, on average. In quiet conditions, subjects typically responded after the first call presentation, on average. Hence these reported differences in latency are not large when considered in terms of the number of call repetitions required to elicit a response. A third hypothesis to explain noiserelated increases in latency, but no noise-related changes in orientation error, is that all sounds were above behavioral response thresholds, but subjects compensated for noiseinduced uncertainty in sound location by listening to more than one call in noise to improve their location estimates before their initial movement. Such an explanation would require the use of an integrative mechanism akin to a "multiple looks" strategy (Viemeister and Wakefield 1991; Hofman and Van Opstal 1998) . Under this scenario, females would be required to integrate and update their location estimates over relatively long timespans on the order of seconds given the typical rate of calling by males in a chorus.
Closed loop experiment
Interestingly, although we saw no clear effect of noise on orientation error in open loop trials, localization performance was reduced at the lowest Snr of +3 dB (79-dB signal, 76-dB noise) under closed loop conditions (Fig. 7) . Under this condition, females arrived at the arena wall significantly further away from the speaker and took significantly less direct paths to arrive at the speaker zone. It is not immediately apparent why these effects emerged in the closed loop experiment but were less evident in our measures of open loop orientation error. As already noted, one possibility is that females in open loop trials did not move until they had a good estimate of sound source location. Subsequent translational movements in the direction to which they initially oriented would have brought them closer to the speaker, on average, and thus increased the Snr ratio of subsequent calls in a closed loop trial. With each subsequent move toward the speaker, the Snr would again increase and uncertainty about source location would presumably decrease. Such an explanation might account for why noise condition had a larger and significant effect on latency to first movement in open loop trials (partial η 2 = 0.234; Table 2 ) compared with its smaller and nonsignificant effect on travel time (which began after the first movement) in closed loop trials (partial η 2 = 0.051; Table 3 ). Any benefit from an improvement in Snr and reduction in location uncertainty resulting from movement in closed loop trials was apparently less pronounced at the lowest Snr of +3 dB, which as noted earlier, is close to behavioral response thresholds measured for this species. Together, the pattern of results observed across open and closed loop trials suggests the window of Snrs over which noise produces meaningful impairments to localization before rendering a sound inaudible may be quite narrow.
Other considerations
We chose to use overhead broadband noise for our study, because frogs are attracted to some noise sources (gerhardt and Klump 1988; Bee 2007a; Swanson et al. 2007; Christie et al. 2010) , and an overhead source should not introduce directional biases into the experiments. However, we readily point out that other types of noise, or noise from positions other than overhead, may cause greater impairment to localization acuity. noise sources on the azimuthal plane, for instance, would increase the relative amplitude of sound arriving at one ear more than at the other. If the noise were to contain spectral or temporal features similar to those in the signal the animal is trying to localize, this could potentially bias localization estimates, as shown in crickets (Wendler 1989) .
The extent to which the localization difficulties we have discussed here constitute serious biological problems for females in nature remains an open empirical question. Potential localization deficits caused by noise may become most relevant in especially dense choruses by preventing females from effectively discriminating the positions of attractive mates and those of nearby, low quality conspecifics or even heterospecifics. Some frogs make use of multimodal, acoustic and visual, cues during social interactions (narins et al. 2003 , 2005 rosenthal et al. 2004; Taylor et al. 2007 Taylor et al. , 2008 Taylor et al. , 2011a gomez et al. 2009 ). Combining acoustic localization information with that gained from visual cues might be an effective tactic for mitigating uncertainty in sound source location introduced by the presence of noise or ambiguity about whether sounds originate from in front of or behind the animal. Along the same lines, impediments to sound localization acuity could interfere with the perceptual binding of multimodal signals, reducing their active space and effectiveness.
effects of signal level
We found no evidence that signal level influenced localization acuity in the open loop experiment. This result is perfectly in line with analyses of ear directionality as measured at the tympanum, which indicate that the anuran ear behaves approximately linearly (Pinder and Palmer 1983; Ho and narins 2006) , with no substantial increase in directionality at higher signal levels (Caldwell et al. 2014 ). In the closed loop experiment, however, females showed reduced localization performance at the lower signal level, with smaller error angles at the arena wall and shorter paths lengths. It seems unlikely that our manipulation of signal level (79 and 85 dB) should, in itself, affect localization performance, as both signal levels were likely at or above the animals' behavioral response thresholds (e.g., Bee 2007b; Bee and Swanson 2007; Bee and Schwartz 2009; Vélez and Bee 2013) . Instead, poorer localization performance in tests with lower signal levels reflects the relatively lower Snrs in trials with noise. Indeed, whether measured as error angle at the wall or as path length, mean localization performance for treatments with noise was inversely related to Snr, with the poorest performance in the highest Snr treatment, and the best performance at the lowest two Snrs (Fig. 7a, c) .
Past studies of gray treefrogs have shown shorter latencies to arrive at a speaker playing calls at 79 dB compared with 85 dB (Beckers and Schul 2004; Bee and Swanson 2007) . We, however, observed similar initial response latencies and travel times at these two signal levels. This apparent discrepancy, at least in part, might be due to differences in playback methodology between our study and this earlier work. Those studies exposed females to call playback for a period of time before they were released from a cage at the center of the arena, whereas frogs in our study were not enclosed at the start of trials, and were free to respond at any time.
Conclusion
While source localization is critical to finding calling mates in acoustically and structurally complex habitats, recent studies of auditory grouping (Farris et al. 2002 (Farris et al. , 2005 Bee and riemersma 2008; Bee 2010 ; Farris and ryan 2011), spatial release from masking (Schwartz and gerhardt 1989; Bee 2007b Bee , 2008a nityananda and Bee 2012; Ward et al. 2013a) , and cross-modal binding (narins et al. 2005; Taylor et al. 2011b ) are highlighting additional functions of spatial hearing in frogs beyond simple source localization. While the frog's tympanic ear shares many convergent features with those of other vertebrates, it nevertheless appears to be the result of a largely independent evolutionary derivation (Christensen-Dalsgaard and Carr 2008) and is characterized by several distinct features, including its usually smaller size, unique anatomy, and mechanical coupling with other structures in the body. The implications of this unique physiology for the range of perceptual tasks that rely on spatial hearing remain largely unexplored. Hence, there is a critical need for additional and more in-depth studies into the functional roles of directionality in hearing and sound communication across a greater diversity of anuran species. In a companion paper, we extend our investigation of spatial hearing in Cope's gray treefrog using laser Doppler vibrometry to investigate frequency-dependent directionality of the amplitude and phase responses of the tympanum (Caldwell et al. 2014) .
